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A,B

NOMENCLATURE

experimental constants, Eq. (9)

gas jet exit diameter

critical diameter for absolute stability

droplet particle diameter

gas jet Froude Number = Uz/gD

gravitational acceleration

flame height

heat of formation

heat of combustion, equilibrium calculation, Eq. (7)

mass flow rate of gas (fuel)

maés flow rate of water

number of moles

molar flow rates

nominal heat release rate or.net calorific potential of fuel
equivalent heat release rate, Q-—QH2O

energy depleting potential of water, see Eq. (6)

that fraction of Q which is radiated away from f£lame region
dimensionless.time, tV,/Dp |

absolute temperature (To, ambient; Ty, flame temperature)
temperature difference referenced to ambient = =T,

temperature difference without water referenced to with water =
Tpry = Twer

gas jet exit velocity
gas jet velocity for droplet dynamics model
initial particle velocity

median drop size, Eq. (10)
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dimensionless horizontal coordinate, x/Dp
dimensionless vertical coordinate, y/DP
vertical distance above nozzle exit
radiative fraction - Qz/Q

fuel to air ratio divided by the fuel to air ratio at
stoichiometric (equivalence ratio)
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JET DIFFUSION FLAME SUPPRESSION USING WATER SPRAYS -
An Interim Report

B. J. McCaffrey

Abstract

The feasibility of using water sprays for the control

of offshore oil/gas well blowout fires has been
addressed. Considering the sheer scale of the problem,
knowledge from a fundamental viewpoint is gcing to be
required in order to extrapolate laboratory-sized flame
studies up to full scale. Available data and appropriate
literature concerned with the application of water sprays
as a jet diffusion flame suppression/extinguishment agent
have been reviewed. Small pneumatic atomizing nozzles
using Hoy gaé, both as the flame source as well as the
atomizing driver, have been used to scale high momentum
jet flames and to study the effect of water on the .
flame. Thermodynamic equilibrium was shown to be an
—— effective guide in interpreting the results. The effect

of flame temperature reduction due to water sprays has

beén-observed to correlate with a single spray parameter -
 the median drop diameter. Directions for further study

have been indicated.

Key words: Blowout fires; fire suppressidn; flame
temperature; offshore well fires; water sprays; well

fires.

1. INTRODUCTION

The object of this work is to study the interaction of water droplet
sprays with high momentum jet flames in order to elucidate the physio~-chemical
mechanisms responsible for flame suppression/extinguishment. The study will

provide the basis for estimating the feasibility of using water sprays for



off-shore oil/gas well blowout fire protection. Due to the sheer scale of the
problem manifested in the large quantities of gas involved in blowout fires,
it will be impossible to extrapolate or scale upward, with any degree of
certainty, the results apd conclusions of laboratory—scale experiments without

this fundamental understanding of the participating mechanisms.

In the final analysis, the feasibility of the concept will depend on
whethér the amount of water deemed necessary for suppression/extinguishment is
within the pumping power of the off-shore facility. A tacit assumption pre-
vailing here is the existence of a virtually limitless supply of water (and
pumping power) as opposed to some stored chemical inhibitor which would per-
haps provide a more effective suppression action initially but might prove to
be deficient in the circumstances of re-ignition or lack of total extinguish-
ment. From engineering considerations of scale the variable chosen here to
represent the amount of water is the ratio of the mass flow rate of water to
that of the gas, ﬁH O/ﬁ . The feasibility of the approach will depend

gas
strongly on how reaSonable (as yet undefined) this ratio turns out to be.

The following table gives an estimate of the scale in terms of fire size
attainable in various laboratories contrasted to the expected size of full

scale blowout fires.

Table 1. Scaling

Fire Size _
mHZO/mgas
MW - Mft3/day (for 5000 liters/min)

Small Laboratory 01 - .1
Large Laboratory 1-10 c.1 -1
Industrial Test .

Facility 100 10 50
Full Scale Blowout 1000 100 5

Also shown is the equivalent expected order of gas flow in millions of
cubic feet per day. It is conceivable then to reach, with experiment, to

within one order of magnitude of full scale. Information garnered at each

-



lower scale where more detailed Teasuremencs can be made increases confidence

in scaling to larger and larger fires.

The third column in the table shows the ratic of water to gas,
ﬁH O/ﬁgas’ if 5000 liters/min of water were available for fire.fighting. Thar
wa%er flow rate was reported to be provided in cooling the equipment used to
cap a recent blowout fire in South Yorkshire [1]1. In terms of the full scale
blowout a ratio in the order of 5 for flame extinguishment may prove to be

reasonable.

Some of the nozzle-flame configurations discussed in this report involve
spraying directly within the flame envelope, This direct injection allows
most, if not all, of the spray to participate in the suppression process.
Other situations involve an external spray in, perhaps, a more conventional
fire fighting configuration, where the spray is directed at the flame from
some lateral distance and angle. Unlike the internal spray, in certain situa-
tions not all of the spray will get involved in putting out the fire. How-
ever, once the physio-chemical mechanisms are identified and understood in
terms of changes in measurable quantities (temperature, radiation, species
concentration, etc.) due to the spray, a correspondence can be established
between the more ideal internal spray configuration and any external configu—
ration. It is proposed that changes in the observable effects between the two
cases can be related to the effectiveness of physically bringing the spray
into the suppression process. (If in other situations it appears that momen-—
tum of the spray may be useful in separating the flame from a holder then the

external configuration might be a more effective means to extinguishment.)

It is this basic understanding of which processes are operating in which
circumstances that will ultimately lead to the engineering design data

required for the determination of flow rates, placement of nozzles, etc.

lNumbers in brackets refer to the literature references listed at the end of
this paper.



2. PREVIOUS OBSERVATIONS

Evans and O'Neill [2] have studied the effect of external sprays on CH,
’diffusion_flames emanating from a 25 mm ID pipe burner. He varied the nozzle
type, transverse and lateral distances, and angle with respect to the vertical
burner. .Of the matrix of combinations attempted, it was determined that the
flame could be extinguished by a 30° full conme spray nozzle located at an
angle with respect to the horizontal of 50° or more, located near or below the
burner exit at a short distance laterally., Extinguishment was accomplished
with ﬁH O/ﬁCH ratios of less than 10.

2 4

As part of the initial feasibility work, experiments at smaller scale
were performed using an internal spray configuration. The design chosen
consisted of a spray nozzle located concentrically within a cylindrical pipe
which supplied the gaseous fuel for the diffusion flame simulation. This
design would allow most, if not all, of the water to reach, or otherwise be
entrained into, the combustion region. The fuel pipe was a standard 25 mm ID
(1") wrought iron pipe. The nozzle, contained in an 18.3 mm OD fitting, was a
standard residential o0il burmer nozzle (Delavan 1.5 and 2.5—3008)2, solid cone
type with a nominal 30° spray angle, which protruded about 13 mm above the end
of the fuel pipe. The gas, commercial propane, would flow through the annulus
formed by the outside pipe and the inside nozzle fitting in a diffusion

mode, Gas and water flows were monitored using standard flowmeters.

Figure 1 presents data from both 0'Neill's [2] and the small scale
internal configuration. The ordinate is a linear scale of the water to gas
ratio at "extinguishment”, the term used loosely at this point to indicate a
flame is no longer present. Prior to their actual disappearance, these flames
are effectively lifted-off and sometimes "exist”™ as a small ball of pale
pinkish-yellow luminosity high above the burner exit at significantly lower

water flow rates than those reported here for extinguishment. The abscissa is

2Certain commercial equipment, instruments, or materials are identified in
this paper in order to adequately specify the experimental procedure. Such
identification does not imply recommendation or endorsement by the National
Bureau of Standards, nor does it imply that the materials or equipment
identified are necessarily the best available for the purpose.

-



a log scale of nominal heat release rate of the fire, giving a graphical
presentation of the scale of the problem as indicated in table 1. The dots or
points are actual data, the lines indicate faired trends of the data. The A,
B, C follows 0'Neill [2] size designation as does 2.5 and 1.5 follow the
manufacturers designation for the internal spray. The ratios of the flow rate
capaciﬁies of nozzle B:A:C are approximately 4:2:1. The small scale flow rate
ratio for the two nozzles is 2.5:1.5. The lower series of "C" points are
results for vertical upward spraying, the numbers are distances (in feet)

between the spray nozzle exit and the burner exit elevation,
2.1 Blowoff

The trends of the data at both scales appear similar, the smaller scale
having greater flexibility in gas flow rates. That is, as the heat release
rate or gas flow rate or velocity increase for these configurations, the

H O/mgas
decreases. What becomes immediately apparent if ome extrapolates these

relative amount of water reflected in m required for extinguishment
results to higher and higher velocities and correspondingly smaller and
smaller amounts of water is that the phenomenon of blowoff manifests itself.
For a fixed burner size, as the gas velocity is increased further, the flame
begins to 1lift off of the burner. As velocity is further increased this 1lift-
off distance, the distance between the burner and the base of visible lumi-
nosity of the flame increases until finally flame stabilization becomes impos-
sible. This is without any water or other diluent. The gas flow velocity
appears to exceed a burﬁing velocity everywhere. Note the acetylene data from
the pneumatic atomizing nozzle "PAN" (to be discussed later) on figure 1. The
last point shows extinguishment with no water. This is more correctly blowoff
rather than any conventional expression of extinguishment. Shown also on
figure 1 are some results due to Kalghatgi [3] who has recently studied the
blowout phenomenon of diffusion flames of pure gases and gases with

diluents. On the figure are shown his results for a propane flame diluted
with inert o, (ﬁco would obviously replace ﬁH o for the ordinate). With no
Co, added the flamezblows off at a certain velo%ity (converted to Q). As the
amount of €O, that is premixed into the propane increases, the exit velocity
at blowoff decreases, not unlike both sets of present data shown on figure 1

utilizing water sprays. It might be argued that spraying liquid water and



premixing a diluent should yield different behavior due to different mecha-
nisms operating but figure 1 alone does hot, at this point, indicate signifi-

caht differences.
2.2 Radiative Fraction

Additional insight into the behavior of the small scale concentric
nozzle-burner configuration may be obtained from figure 2 which shows the
decrease in the radiative fraction, x/xo, with increased water to gas ratio.
The radiative fraction is that portion of the total nominal heat release rate

of the fire (Q) which is radiated away (QR)

X = Qp/Q (1)

Representative values for common gases and experimental details are given in
reference 4. X is the value of the radiative fraction for the flame without
water addition. Three sets of data presented on figure 2 represent three
water flow rates or more importantly three nqzzle pressures. (These are

simple Ap ~ V2 devices). As pressure increases the water becomes more effec-

~....tive in reducing radiation. It is well established that spray droplet size

varies inversely with pressure and hence a tentative explanation for the
better performance at higher pressures could involve smaller droplet size. 1In
figure 2 the measurements were made with a constant water flow rate and a

variable gas flow rate.

The vertical lines shown in figure 2 are the values of the water to gas
ratio corresponding to extinguishment in the sense of figure 1. As well as
reduced radiation levels the higher pressure data appears to make extinguish-
ment easier. For laminar diffusion flames, at least, it i1s known that a
reduction in temperature leads to a reduction in scot levels. As well as
cooling the flame the smaller drops could enter and participate in the
reaction zone early and affect some of the oxidative pyrolysis processes which
are believed to lead to soot formation. Note the radiation reduction levels
appear to reach a minimum (.4-.5) before extinguishment; they do not asymp-
totically go lower and lower perhaps indicating the sudden failure of some

flame stabilization mechanism,



The series of photographs seen in figure 3 is what one observes as the
amount of water is increased in going from left to right. (These results are
for a pneumatic atomizing nozzle Qith nitrogen used as driver,
ﬁN /ﬁc g = 0.4, the entire nozzle located concentrically within the pipe
reguce% seen in the pictures. They are, however, typical of all scales and
all configurations noted in the present observations.} Most of the radiation
in these diffusion flames is due to soot. The radiation reduction seen in
figure 2 follows what the photographs indicate in figure 3. The bright yellow
appearance changes to orange and becomes paler and paler as the water flow
increases. 1In large-scale flares used in the chemical process industry, water
in the form of steam (and other diluents) is often mixed with the effluent
before burning, the purpose of which is to reduce the smoke and soot produced
in the combustion process for environmental considerations [5]. Since soot is
the dominant emitter it appears then that there is a strong correlation
between the photographs in figure 3 and the reduced radiation seen in figure
2.

2.3 Dilution

Shown on figure 2 are some results from Gupta [6] in which the diluents,
steam and argon, were mixed with the propane prior to burning. Similar behav-
lor to the present sprays, especially the high pressure results, is
observed. One can immediately begin to speculate about another mechanism,
besides blowoff, which may be operating here and that is dilution. 1If a
diluent or non-participating gas is carried along with the fuel it must be
heated in the process thereby extracting energy from the flame and resulting
in a lower flame temperature than would result in its absence. Additionally
the diluent could interfere with the burning by displacing some oxygen in the
entrainment/mixing process resulting in a lowered overall combustion effi-
ciency. For whatever reason the soot formation/oxidation process is being

interferred with by either premixing or spraying in a diluent.

If plotted on a molar basis, nDILUENT/nC H.° the striking difference
between the argon and steam (and highest pressufe spray results) data on
figure 2 would disappear - the data would virtually fall on the same line.

This is in spite of the fact that there is a factor of 2 to 2-1/2 times



(depending on temperature) difference in heat capacity, C between argon and

p,
steam. Judged on a purely flame temperature reduction the steam ought to be
significantly more effective than argon. Complete understanding of the soot

formation/destruction process is a formidable problem!
2.4 Froude Number Regimes and Momentum

In a discussion involving flame stabilization, blowoff, reduced radiative
fraction and flame momentum, a couvenient parameter for classifying diffusion

flames from pipes has been found to be the Froude number [4],
- 12 ,
F,= U /gD (2)

The square root of F, will be used here for convenience in compressing the
scales. U is the exit velocity from the pipe or burner of diameter, D. F, is
a measure of the relaﬁive strength of the momentum of the gas stream compared -
to its potential buoyancy. 1In reference 4 it was seen that all non-laminar
diffusion flames from pipes could be conveniently classified into three groups
or regimes. For low F,, i.e., U is low and D is large, buoyancy is domi-
nating. This is the case of pool fires, L/D + 0, where L is the flame

height. 1In this regime flame height and the radiative fraction are functions
of both U and D. For smaller D and larger U, Fy rises into an interesting,
intermediate regime where L becomes independent of D and Xo depends only on
the fuel and not on either U or D. In this very large intermediate regime all

flames appear similar and scaling becomes simple,

Finally as D is decreased and U increased further one arrives at the
fully turbulent, very noisy, high momentum jet flame characteristic of the
blowout fire. 1In this regime, as the flame begins to lift-off, the flame
height remains constant (as a function of D) and the radiative fraction
decreases with increased U as more and more air is entrained or sucked into
the gas jet. Like the buoyant regime, the simple scaling of the intermediate

regime is lost in this full momentum regime.

Figure 4 shows the behavior of the radiative fraction Xo plotted against

VFO in the intermediate and momentum regimes. On the left hand side of the



figure is seen the constant Xqo for CyHg, independent of flow and diameter,
The results of reference 4 (D:5-40 mm tubes) are somewhat higher than
Markstein's [8] (12.7 mm nozzle) results and thought to be due to better
mixing in the case of the nozzle's sharp exit velocity profile [4]. On the
left, Becker's [7] values of X, for different gases in natural comvection
flames (ignoring the purely buoyant, pool fire regime) follow the same order

with the C/H ratio of the fuel as given in reference 4.

Brzustowski's [9] results for CqHg (and CH,) in 5 mm tubes are typical of
the decreasing X, as velocity is increased and momentum begins to dominate.
This result is virtually identical to that in reference 4 in which a similar
sized pipe was used. At the low /f; end of the dotted line the
higher Xo values might be more typical of a laminar flame. Obviously a single
diameter pipe can not span the entire /f; regime - at low enough flow rates
the flames will become laminar. (ALl of the results discussed here are for
non-laminar flames.) As velocity is increased, Xo falls and then appears to
reach a lower limit after which a further increase in velocity causes
blowoff. Shown by vertical dashed lines is the Kalghatgi [3] correlation
results of blowoff for the CyHg and CH, flames in 5 mm ducts. (Bléwoff for a
2.1 mm duct burning C4Hg from reference 4 shown by a solid vertical line
compares favorably to the Kalghatgi [3] prediction.) X, remains at about 0.15
until blowoff. This behavior of decreasing X, to some limit, then blowoff, is
reminiscent of the behavior of x/xo seen in figure 2 where the signal
decreased with water flow rate to some limit, with further water causing
"extinguishment",

Shown further on into the momentum regime are small D, large U results
for acetylene and hydrogen. The dashed lines are from Becker [7] for a 2.5 mm
D tube, the data points are from a small annulus (to be discussed later). For
very sooty acetylene, Xo falls from quite a high value with increased velocity
reaching a limit of about 5 percent followed by blowoff. Hydrogen with an
even higher burning velocity is stable to much higher F, and as expected
yields little radiation.

The value of a plot like figure 4 comes about in trying to sort out the

various suppression mechanisms. Knowing where on the Froude number scale one



is operating will help identify which processes are dominating. Recall that
figure 1, which showed the ratios of water to gas for “extinguishment”, con-
tained an element of blowoff. On the other hand figure 2 showed what appears
to be a real dilution effect. The larger scale 0'Neill [2] data had /f: rang-
ing from 70 to 340, near the high momentum regime for 5 mm pipes but not
necessarily for those of 25 mm. Recall that unlike the intermediate regime
both U and D are needed to characterize the flame. Without measurements at
this large size interpretation gets somewhat dubious. For the small annular
results of figures 1 and 2, however, data exist and are shown as circles in
figure 4 with /f; =1 to 10. The radiative fraction for this annulus falls
not unreasonably between the tube results of reference 4 and the nozzle

results of Markstein [8] and appears to be removed from the blowoff end.

One sees now some confirmation of what appeared to be a real dilution
effect in figures 2 and 3 - there is decreased radiation due to the water
spray. Additionally, for large rates of water flow the 30° solid.cone of
spray can intersect the annular flowing gases and may contain sufficient
momentum due to the droplets themselves as well as the accompanying entrained
air so as to physically 1lift (or separate) the flame (or, at least, the
visible portion) to such distance as to make flame stabilization impossible.
This mechanism may be responsible for the "extinguishment™ noted at high water
flow rates. Elements of this may be present in the 0'Neill [2] results as
well. Prior to lifting and "extinguishment”, his descriptions of the changing

color of the flame with water matches the small scale results.

Besides estimating blowoff in terms of dilution, e.g., the Kalghatgi [3]
correlation coupled with thermodynamics, one also will require a model for
relative momentum in terms of particle drop size in order to fully interpret

the results of figure 2.
2.5 Choked Flow
There is another aspect to the blowout fire problem which could be
extremely important and yet one which combustion specialists are generally not

aware of when dealing only with laboratory sized diffusion flames. The normal

laboratory situation involves increasing the gas flow velocity, U, through a

-10~
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fixed diameter pipe, D, until the flame becomes lifted. Further increase in U
causes the lift-off distance to increase until finally with further increase
in U the flame blows off. Now, there is evidence that suggests that further
increase in gas velocity (orders of magnitude in some cases) leads to a situa—
tion where a very stable supersonic flame can exist above the burner [10].
Furthermore there is a critical diameter, Deg>» above which flames are stable;
that is, they cannot be blown off by increasing gas velocity. Annushkin and
Sverdlov [10] present a model and some limited data for the boundary of flame
instability, i.e., on a U (or pressure ratio) vs D plot, that area where
blowoff can occur. The extreme of diameter, corresponding to flow velocities
somewhat above Mach 1 for common gases, becomes the critical diameter, "above
which absolute stability of the lifted flame is insured for any velocity"”
[10].

The following table contains the estimate of critical diameter given in

reference 10 and also those calculated by Kalghatgi [3] in extrapolating his

small diameter correlation results.

Table 2. Critical Diameters for Absolute Flame Stability

Deg(mm)
GAS Annushkin & Sverdlov [10] Kalghatgi [3]
H,y 1 | _—
C2H2 - 1.57
CoHy, - 14.5
C4Hg R 17.2
CH,, 23 41 .4

*Kalghatgi [3] (Part II) obtains blowoff for tubes of 6 and 8 mm diameter

with zero crosswind.

Like most of these stability analyses the ordering of gases follows flame
speed or burning velocity. Results can be calculated for other gases and
mixtures using a host of thermophysical and transport properties. Reference
10 contains data only for Hy since the amount of other gases required is
generally prohibitive. However, Kalghatgi [3] quotes some anecdotal evidence

in which a stable flame existed on top of a 100 mm diameter pipe connected to

-11-



a natural gas reservoir at a pressure of 85 atmospheres. Assuming isentropic
flow and expanding from a stagnation pressure of 85 atm to atmospheric leads
to an exit Mach number of about 3.5 with a heat release rate in the order of

700 MW which would certainly qualify as a full scale blowout fire.

One must therefore be aware of the possibilitieé of choked flow in
contemplating various extinguishment scenariocs. The deviation between the two
sets of results for critical diameter noted in table 2 may be narrowed some~
what by experiments in later phases of this project. For the case of CH, or
natural gas, pipe sizes greater than 41 mm could be anticipated in the blowout
situation, although not guaranteed since the actual rupture could occur in a
number of places of smaller vent gize throughout the labyrinth of piping on
the rig. The mechanisms of suppression however, will be similar whether or
not the flow is supersonic - on a molecular level the same chemistry will be
operative. The physics could be somewhat different in terms of the pressure
field around the exit, especially if a spray momentum mechanism was favored
for extinguishment. If it turns out to be an important factor there are
schemes available used for the study of supersonic rocket exhaust plumes which

may be utilized to characterize this feature (see for example reference 11).
3. THEORY

Tools that are available for the quantification of some of the mechanisms
alluded to in the previous section will be discussed in more detail in the
following.

3.1 Thermodynamic Equilibrium and Limit Flame Temperature

If a system not in chemical equilibrium, e.g., a mixture of Ho and air at
room temperature, is allowed to approach equilibrium adiabatically the heat
evolved from the chemical reaction will be used to raise the temperature of
the products to what is called the adiabatic flame temperature. In other
words, if the heat of combustion of the mixture is converted exclusively into
thermal energy of the products the resulting température is called the adia-
batic flame temperature. The state associated with this temperature, thermo-

dynamic equilibrium, implies thermal, mechanical, and chemical equilibrium and

-12—-
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the difference between it and the initial state represents the ideal energy
potential of the reactants. Through thermochemical tables, charts or computer
programs, the ideal energy potential is readily calculable knowing the initial
temperature and amount of reactants. The output of the calculation includes

the flame temperature and mole fractions of products.

Since no real flame can be completely adiabatic, the édiabatic flame
temperature represents an upper limit for actual temperature although certain
premixed flames can exhibit temperatures close to those calculated. In gen~
eral, diffusion flames will mirror or reflect equilibrium to some degree since
equilibrium can be viewed as a flame with infinitely fast reaction rates
taking place in an infinitesimal volume with no radiafion. How the real flame
differs regarding reaction rate and flame volume will determine how well the
flame reflects equilibrium. Going from low to high momentum (left to right)
on figure 4 would in general bring the diffusion flame closer to
equilibrium. Higher velocities will increase strain rates‘resulting in more
efficient mixing or shorter reaction times and hence shorter and more bluish
flames. (The main radiation for diffusion flames of interest is that due to

the soot particles.)

Figure 5 presents the adiabatic flame temperature calculation for the Hy—
air system with liquid H,0 as an additive (NASA PROGRAM CEC~76). There are a
family of curves of T vs. hydrogen mole fraction at various water to gas
ratios. Consider firs; the uppermost curve with ﬁH o= 0. For a constant 2
moles of Hy the number of moles of air is given as %/¢. For a stoichiometric
mixture, ¢ = 1, one obtains the maximum temperature. For fuel rich systems,
$ > 1, insufficient 0, is present in order to burn all the Hy, so the
temperature falls. In fuel lean cases, ¢ < 1, there is an excess of 0y being
carried along but not participating in the reaction and hence temperature
falls., The excess 0, acts as a diluent - it has to be raised to the final
temperature without contributing anything to the heat release process (see Eq.
(8)). These concepts work well with a premixed flame where ¢ can be set by
mixing in the appropriate proportions. In a diffusion flame, on the other

hand, where the oxidant is mixed into the fuel jet via entrainment of the
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surrounding air, ¢ will vary throughout the height of the flame, very
large near the burner exit and falling as the mass of entrained air increases

with height.

The remaining curves.on figure 5 show the effect of various ratios of
liquid water to hydrogen, ﬁH O/ﬁH . In general, the shapes resemble the no-
water case with, as expected,; loweér temperature levels a function of increased
water flow rates. For a given ¢ the curves shift slightly to the left with
increased water due to the larger denominator of the abscissa. The thermo-
dynamic advantage of liquid water (1) vs. steam (v) is seen by two examples
showing vertical lines between v and 1. (The calculation is obviously not

concerned about how one gets the liquid into the mixture.)

The idea of a limit flame temperature below which extinction results has
been a successful one for certain simple geometries. Ishizuka and Tsuji [12],
for example, have studied counterflow laminar diffusion flames at the stagna-
tion point of a porous cyclinder. By independently varying the amount of
inert gas in both the fuel and oxidizer streams, limiting values of fuel and
oxygen as well as the corresponding measured flame temperatures at those
limits were obtained. The flame temperature at the two concentration limits
nearly coincide and come close to the flame temperature at the lean flamma-
bility limit of a premixed system. The quoted figures [12] for CH, and H,
were 1473 K and 1013 K, respectively, both using nitrogen as diluent. (For
hydrogen the limit mole fraction for H, in "normal” air determined was .l14
and for pure fuel the limit mole fraction for 0, was 0.052. The corresponding
numbers for CH, were 0.165 and 0.143.)

If this concept of extinction as a limit temperature was valid in
general, all that would be required would be for ome to go to a calculation
like figure 5 for the particular fuel of interest and find the amount of water
which for all ¢ would keep the flame temperature below that predetermined
extinction limit temperature.

The decrease in temperature due to liquid water, AT (dry~wet), as a

DWW
function of the mole fraction of water in the reactants can be seen explicitly

in figure 6 for methape, hydrogen and acetylene, fuels representing extremes
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of sooting or radiative characteristics. Note these are for a single mixture
ratio, namely, stoichiometric, ¢ = 1. One can observe the distortion between

the mass ratios and the mole fractionm for Hy, due to its molecular weight,
3.2 Flame Stabilization

Peters and Williams [13] have recently studied the structure of lifred
turbulent diffusion flames at exit velocities between 1iftoff and blowoff
values. They show that molecular mixing time may not be of sufficient dura-—
tion to view stabilization as the equality of local flow velocity with a
premixed turbulent burning velocity, as conventionally viewed. Here blowoff
would occur when the exit velocity was sufficiently high (and the base of the
flame sufficiently far from the exit) such that the mixture composition
reached a fuel lean limit everywhere across the jet. 1Instead, they propose a
mechanism involving sufficient scalar dissipation or strain rate such that the
distorted laminar diffusion flamelets composing the flame are stretched exces-
sively to the point of quenching. Reasonable agreement between.the analysis
and liftoff heights of CH, jet diffusion flames is demonstrated.

Kalghatgi [3], on the other hand, has correlated a huge amount of blowoff
data using the former interpretation of stabilization or extinction. The
expression for non-dimensional blowoff velocity, ﬁe’ vs. flame Reynolds
number, RH’ based on a 1ift off distance, H, where fuel concentration has

fallen to a stoichiometric mixture, is:

N = - -6
U, = 0.017 RH(l 3.5 x 10 R) . (3)
where
_ Ue (pe 1.5 H . Su
U =— | — and = ——
e Su pnv RH ve
8, /P, \1/2
H=|4— o + 5.8 de from cold jet measurements
8 )
s

and
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U, - exit velocity at blowoff

Si ~ maximum laminar burning velocity of the fuel with the ambient

v, T kinematic viscosity of fuel gas

pe - density of fuel at burner exit

Py ~ ambient density

Ee - fuel mass fraction at.burner exit

GS - fuel mass fraction in a stoichiometric mixture with the ambient
d, - effective burner diameter = d;, actual diameter for subsonic jets

2 v+1
i =4 [2 + (y=1)M J 4(y-1) 172
e b Y+ 1 .

Y ~ ratio of specific heats

M ~ Mach number

+ It is apparent that the blowoff velocity depends almost linearly on
diameter and on 8, to the second power, besides depending on the other thermo-
chemical and physical properties of the fuel. The value of the above correla-
tion here, is that it works for mixtures (see figure 1, the 602/C3H8 results
obey the correlation reasonably well) provided that the effect of the diluent
on the above parameters are accounted for. In particular the parameters S
and Vas require someé further estimations for their determination as opposed to
a straight mole fraction conversion. But conceptually, Eq. (3) ought to allow
one to calculate the reduced blowoff velocity due to water droplet ingestion
from a purely "premixed” extinction point of view. That is to say, the
results must be tempered by the fact that the drops, beside needing a finite
evaporation time or disiance, are coming into the gas jet in the mixing region
and are not being premixed as steam (Eq. (3) is applicable only to diluent
gases) upstream of the burner exit. It will be interesting to compare these
results with an equilibrium calculation in light of the idea of a limit tem—
perature (at blowoff) seemingly successful in the counterflow-stagnation point

diffusion flames discussed previously.

3.3 Momentum and Droplet Characterization

"

The application of an explosive charge set near actual blowout fires,

presumably resulting in a pressure wave of such magnitude as to separate the
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flame from the pipe or other‘"holding" structure, has apparently been used
successfully in previous blowout fire extinguishment. This, then, would be
"utilizing a mechanism not previously discussed explicitly under thermodynamics
or flame stabilization ;n the normal sense of simple blowoff. Some of the

features of this kind of mechanism are discussed below.

(a) Kalghatgi's Effect of Cross Wind. Kalghatgi in Part II of reference
3 has studied the effect of cross wind on the blowoff ‘stability of small
diameter jet diffusion flames. For a variety of common gases he determined a

universal non-dimensional stability curve - a plot of jet velocity, U_, at

e
blowoff versus crosswind velocity, V_, separating stable flames from those
blown off by the crosswind. The characteristic velocity for both Ue

and V, making the curve non-dimensional and applicable to all the gases is

£
ul v P,

(4)

The analogy with stabilization of flames without cross wind is clear, i.e.,

the same parameters as those used in the Eq. (3) correlation.

For a single gas-burner combination there is a limiting value of
V, beyond which a stable flame is not possible, i.e., blowoff results for any
Uge Below this critical value of V, there exists two values of U,, a high and
low value, which define the stability envelope. From the universal plot
(Kalghatgi [3], Part II, figure 6) the criticallvalue of V“'is about
VQ/W ~ 0.6 x 10“3 for Ue/W ~ 12 x 10-3. The relative momentum of the wind to
the jet at blowout, then, can be estimated as:

2
pco V& poo
5 ~ 0.0025 — (5)
U pe
pe e

with Vm/Ue equal to about 0.05. For Vo less than critical the lower stability
curve yields values of relative momentum much higher than the value at criti-

cality. These, however, are generally flames of much lower burner Froude
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number than those one would expect to encounter in the present study. The
upper portion of the stability curve below criticality will yield momentum

‘ratios lower than Eq. (5).

It would appear thén from Eq. (5) that a not unreasonable.amount of
perpendicularly directed momentum could be responsible for flame instabil~
ity. Although for large values of U,, V_ will not be trivial. Judgement
‘should be tempered, however, for any extrapolation to large diameter flames
since those flames forming the stability curve were from diameters below the
critical choked diameter as dictated by the Annushkin and Sverdlov [10]
analysis or the Kalghatgi [3] extrapolation contained in table 2.

(b) Droplet Dynamics. It is conceptually simple to write mass, momentum
and energy balances on a single droplet particle entering a flowing hot
stream. For example figure 7 shows the first stage of a droplet injection
model involving simple momentum conservation between a nonevaporating particle
and a flowing gas stream. The figure shows the trajectory, y*(t*) VS x*(t*),
of a siﬁgle particle injected horizontally at x* = y* = 0 with initial veloc-
ity, V, into a perpendicularly flowing gas stream. The parameter is the ratio
of the gas velocity to the particle velocity, Vg/vo' Shown on the figure by
hatch marks is the correéponding time, t*.

*
X =

5.3 Y =5 5

P P
where Dy is the particle diameter. For example, if Dp = 1 mm then x* = 100
corresponds to a distance of 10 c¢m, a not unreasonable thickness for the gas
stream. For Vg/vo around 10 to 20 the particle would more than likely be
lost, i.e., go through the gas stream. For those streams with ratios close to
Vg/Vo = 100 the particles would be effective in staying in the gas stream.
The model contains buoyancy forces and the effect of the density ratio which
is significant and is illustrated by the dashed lines corresponding to
Vg/V0 = 20. By increasing the density ratio we can easily match the perfor-
mance of a particle in a higher velocity ratio stream which has lower gas
density. Besides the two parameters shown in figure 7, the model allows the
initial injection angle to vary and also is flexible regarding a drag model

and buoyancy effects.
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The next stage of the model would involve an energy balance around the
particle with some evaporation mechanism. See, for example, those used in
references 14 through 17. Additionally the problem is not about the behavior
of a single drop but the interaction of many drops in a spray, and generally
not of a single size but rather a distribution of droplet sizes and, perhaps
also, a distribution of initial particle velocities. Atomization from differ-
ent nozzle configurations is reviewed in reference 18 and size distribution

results for PAN types are found in reference 19.

In figure 7 it is assumed that the single particle did not disturb the
uniform field of the gas jet. 1In reality a spray of particles will signifi-
cantly disturb the flow field at the exit of the spray nozzle. Momentum
exchange will induce a velocity in the surrounding environment of the nozzle.
Due to the large density difference this entrained velocity is not trivial and
this principal is actually used in practical pumping devices. Examples of the
good agreement between a simple momentum balance calculation and measured
entrained gas flow rates are contained in references 5 and 20.

(¢) The "Grand" Model. In the above discussions about the dynamics of
particles it has been assumed that the pérticles are interacting with a hot,
inert flowing gas - there was no mention of the effects that the evaporating
particles might have on the combustion process or flame stability. It is
conceivable that a set of equations or model of the entire phenomenon could be
proposed and perhaps, even solved. These would include, among others, all the
coupled conservation equations fbr particles as well as the fuel/air including
radiative and turbulence effects and the entire chemical kinetics of the
combustion process. Mitani [21] has recently applied this approach to the
effects of inert dusts and sprays on flame inhibition through premixed gases.
There is considerable work required, however, to take these results and answer

practical inhibiting questions even in premixed situations.

It is implicit in the discussion so far that this approach has not been
taken here. Although intimately coupled the mechanisms have been looked upon
as being isolated and independent. Each of the pieces of an overall model is
technically difficult - the complete characterization of turbulent diffusion

flames even without inhibiting sprays constitutes a large research effort
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involving many active participants in various laboratories around the world.
Combining a series of poorly understood processes together will obviously not
increase confidence in the results. Eventually all the pieces will be put
together in a grand scheme, hopefully, when the physics and chemistry of all

the processes are better understood.
4, EXPERIMENTAL RESULTS
4.1 Pneumatic Atomizing Nozzles

The spray nozzles chosen for detailed measurements are called pneumatic
atomizing nozzles (PAN) or twin fluid nozzles and are used extensively in
industry for humidification purposes since the resulting drop size are usually
smaller than purely hydraulic nozzles. The latter depend only upon the fluid
‘pressure to break up the fluid sheet into drops. Generally, for the former,
the liquid exits from a central orifice or tube and is broken up By a high
velocity jet of air emerging from a concentric annulus. Figure 8 shows a
schematic of a typical PAN. For detailed measurements it is desired to know
precisely the amount and characteristics of the spray entering the flame.
This can be accomplished by using the flame gas of interest to breakup the
water in place of the normally used air. The concentric annulus becomes the
burner exit and in the absence--of water will provide a fully turbulent jet
diffusion flame when the pressure of ﬁﬁé gas is-high enough for the nozzle to
work effectively. When water is admitted all the drops become intimately
mixed with the fuel gas; For the present, small scale experiments, the
nozzles are used as 1s; in larger scales the PAN can be mounted within a pipe
(figure 8) which can carry the bulk of the flame gas. A small portion of the

gas would be used directly in the nozzle for water breakup purposes.

The gases used in the initial phase were commercial hydrogen and acety-
lene, both of which have sufficient stability to flame blowout at the range of
pressures required for operating the small diameter nozzle. Hy with virtually
no soot can be used to characterize the flame at the high momentum limit.
02H2 would certainly represent the most luminous hydrocarbon expected in the
real situation. The two can be mixed in proportion to any desired luminosity

or soot level expected.
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The nozzle was a SprayiﬁéMSyétémé’Co.i i/l JH air atomizing nozzle with
measured diameters of 0.48 mm ID for the water tube and 1.77 mm and 1.30 mm

for the outer and inner annular diameters, respectively.
"4.2 Centerline Temperature

Figure 9 shows mean centerline temperature measurements as a function of
height above the nozzle, z, both without water and with watet spray for a
typical Hy flame. Two types of thermocouples were used in obtaining this and
subsequent data: 250 u type K (chromel vs. alumel) above the flame tip and
500 u type B (platinum 6 percent rhodium vs. platinum 30 percent rhodium) in
the flame. The reason for the large size wire and exotic alloy in the flame
is that smaller and less exotic wire simply melt due to the very high temper-
atures. These are very high velocity, very efficient flames in the high
momentum limit. For example, a 127 u platinum vs. platinum 10 percent rhodium
thermocouple melts and beads up immediately upon insertion into the flame
area. The temperature measurements on figure 9 have not been corrected for
radiation. Since most of the analysis to follow is concerned with temperature
differences due to water injection it is assumed that anf fadiation coffection
or catalytic effects upon the measurement will be similar in the two cases.
Also the measurements were not extended all the way down to the burner exit
since the question of direct impingement of droplets on the thermocouple would
be raised. Also one avoids the bimodal temperature profiles by keeping away
from the exit. Further clarification of this point will follow in the dis-

cussion on scaling of the flames.

The effect of water droplets is clearly indicated on figure 9. Starting
with a temperature difference in the order of 300 K in the flame region the
difference slowly decreases as one proceeds higher into the flame plume.
Shown on figure 9 for reference is the solid line representing corrected
centerline temperature data from Kent and Bilger [22]. That experiment
utilized a coflowing air stream of velocity a tenth of the Hy, jet, and
although turbulent, the flame had an exit Froude number an order of magnitude
lower than the present results. Although the two flame conditions are not
exactly the same the profile as seen on figure 9 and the temperature levels

are somewhat similar. Also shown on the solid curve are some centerline
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concentration measurements; for HZ:IZ,'and OZ:O.SZ and the location of a
centerline stoichiometric mixture, ¢ = 1, as given by Kent and Bilger [22].
Shown also on figure 9 is a calculated ¢ profile using equilibrium and mea-
sured temperatures for the dry case. For low z values the rich side of figure
5 is used up to the maximum temperature after which the lean side is used as z

increases.
4.3 Scaling the High Momentum Limit

Since the pneumatic atomizing nozzle appears to be an effective labora-
tory tool for studying the effect of droplets on turbulent jet diffusion
flames near the high momentum limit (constant flame height), it was desired to
carefully characterize these flames for future reference. Figure 10 presents
centerline data vs. height above the burner for various flow rates of pure Ho,
an excellent candidate since it avoids the soot formation process. Other
fuels can be related, albeit approximately, back to Hy in terms of ¥, the
particular radiative fraction of the flame at the conditions of interest. By
study of individual centerline data such as that shown on figure 9 one can
obtain the scaling parameters seen on figure 10, The,ordingteAi§.AT[To x Q
where AT = T - T0 x), To is the ambient temperature, and Q is the net calor-
ific potential of the fuel, i.e., heating value of the fuel times fuel flow
rate. The abscissa is z/Q, z is the height above the nozzle exit. Through a
factor of about four in heat release rate all the data for different flames

scale or fall on the same straight lines.

The flame is divided into three regimes. Starting high above the flame
is the buoyant plume with the characteristic temperature dependence of -5/3
power with height. Lower down is an intermediate regime where temperature
dependence is weaker with height, i.e., -5/4 power. Finally, near the flame
tip and in the flame itself, termed the flame jet region, the dependence on z
is more complex but the temperatures are independent of heat release rate,
Q. (For the horizontal lines the spacing or levels are proportional to Q such
that the "constant” flame temperature is independent of Q.) The dependence on
2/3 while in the
and finally in the flame jet AT ~ Q°. This is

consistent with the concept of a high momentum limit (see discussion on’Froude

Q decreases as the flame is approached: in the plume AT ~ Q

intermediate region AT ~ Qll&
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number) i.e., flame height independent of Q. With increased flow the
radiative fraction falls with better jet mixing but for Hy this is of little
~consequence since that number is relatively small to begin with (see

measurements for Hy, PAN on figure 4).

In the filame jet regime the height dependence of AT can be crudely
divided into a counstant maximum temperature area followed by a 27! dependence
up to the intermediate regime where the z dependence becomes stronger, -5/4
and stronger again in the plume, -5/3. Recall that data much below the maxi-
mum temperature 1s not of interest at the moment due to poséible direct
impingement of water drbplets on the thermocouple when the spray is used. One
obviously sees the decreasing temperature levels on figure 10 (or 9) at z less
than the location of the maximum temperature. The derived scaling parameters
on figure 10 automatically separate the flame jet data according to heat

release rate,

The horizontal or maximum temperature lines are for a AT = 1655 + 50 K.
There is, in truth, a slightly increasing temperature dependence on heat
release rate here (100 K for a factor of 4 times in Q) but for characteriz-
ation purposes this can be ignored consistent with the constant flame height
limit. The maximum temperature line remains constant out to a position of
about 0,65 the height of the flame after which temperature begins to fall with
z"l. There ought to be a lower limit on Q or U where this correlation will
not work. At low enough Q or Froude number, flame height will begin to depend
on Q or the flame could actually become laminar. The other lines on the

figure are least squares fit to the data in each regime along with the numer-

ical value of the fits.

It is interesting to compare the derived scaling of figure 10 with
studies involving non-combusting vertical buoyant jets in uniform environ-
ments. Chen and Rodi [23] have reviewed the literature and correlated a lot
of data for buoyant jets. In particular, their figure 5, p27 showing center-
line decay of density in axisymmetric buoyant jets 1s remarkably similar to
the flame temperature data on figure 10. There are three regimes, the non-
buoyant region being independent of initial densimetric Froude number

analoguos to the present flame jet region independent of Q. The -1, -5/4 and
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~5/3 z dependence respectively in the three regimes is identical to the pre-
sent figure 10. The correlations of Chen and Rodi [23] are, guided by certain
scaling laws, made non-dimensional in terms of reference density, source
Froude number, exit diameter, etc. For the present, figure 10 is left in
terms of the minimum nuﬁber of primitive variables which were actually varied

until more is learned of the behavior of jet flames.
4.4 Effect of Spray

Besides providing a "model” of high momentum jet flameé, figure 10 will
be used as a baseline to compare the effect of the water sprays on the
flames. Figure 11 shows the centerline temperature rise (T¥To) vs. height for
a hydrogen flame with various mass flow rates of water. The coordinates and
scales are identical to figure 10 except for heat release rate. Here an
equivalent heat release rate, Q% which equals the normal heat release rate of

the flame, Q, minus the calculated cooling effect of water, QHZO’

@ =" G
2
Assuming an initial water temperature of 20°C the latent and specific heats

comprising QHZO are as follows:

liquid: 0.0042kW/(g+s 1+K) x 80 K
vaporization: 2.26kW/(g's-1)
steam: O.OOZAkW/(gos-1°K) X (Tf - 373)

or, QH 0

2

(kW) = [1.7 + .0024 Tf(K)}ﬁHZO(g/s) (6)

Note that for a representative flame temerature of Tg = 1500 K the breakdown
of the cooling capacity between the liquid plus vaporization and the steam is
about 50 percent each. That is, the cooling capacity is doubled by the use of
liquid water as opposed to steam. For the steam a constant specific heat is
used for simplicity. The value chosen is for a temperature of about 1150 X
midrange of the Cp value at boiling (0.0020) and that at about the expected
extreme of 2000 K (0.0028). T¢ is the "flame" or maximum temperature

measured, corresponding to the horizontal lines on figures 10 and 11 or the
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value around z = 0.12 m on figure 9. The calculation of the horizontal line
for the case of the flame with water spray, i.e., figure 11, will be discussed

shortly. T¢ is here, obviously, a function of water flow rate,

Comparison of the data on figure 11 with figure 10 indicates that, above
the flame region, the centerline temperature appears to be the same as the
temperature above a flame without water but with a reduced heat release
rate. The same scaling embodied in the least squares fit of the data on
figure 10 is used for figure 11. The numerical values of the least squares
correlation are shown on the figure. In the plume 0.093 can be compared to
the dry case of .0951, similarly 0.318 vs. 0.346 in the intermediate regime,
etc. So, to a first approximation, the regions above a flame cooled with
water spray can be viewed as resulting from a non-gprayed flame of diminished
heat release rate. The same characteristics and overall behavior is noted in
the two plots, figures 10 and 11. This will be important later for large
scale flames in evaluating the cooling effects of the spray. There is a
direct correspondence bétween what one observes high above the flame reflected
in centerline temperature measurements and what one has done to the flame

below in terms of amounts of water sprayed.

Reiterating on the effect of spray - to a first approximation, we are
getting the full flame exothermicity (Q) since the flow rate of Hy into the
burner is the same whether it is the dry or wet case. To those thermocouples
sitting ‘high above the flame, however, it appears that Q has been reduced
since the gases flowing past them are now at a somewhat lower temperature. If
the water is heated, boiled, and the steam heated, all below those thermo-
couples then it would appear to them that the gases flowing by are from a
reduced heat source namely, Qg =Q - Q.0+ If all the convective energy were
captured at some point high above the flame one ought to be able to reconcile
any differences between the wet and dry cases. The difference between the
higher temperature, smaller mass flow, dry case and the lower temperature,
larger mass flow (the diluent water vapor), wet case ought to equal the latent
heat of vaporization of the water provided the spray has not markedly affected
the entrainment process. This will be so only for the case of hydrogen since
radiation is a tiny fraction of the heat release and we are ignoring any

radiative changes due to the water spray. (Visibly the emission appears to
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increase from the dry to the wet case. This is thought due to sodium emission
from water impurities [24]. Using a broad band radiometer the emission, in
fact, decreases slightly for the wet case as expected.) For typical hydro-
carbons the simple convective balance seen for H, will be more complicated due
to significant amounts of radiation and radiation reduction due to the spray
(figure 2).

For locations actually in the flame regions the situatiom is much more
complex than the above simple picture of temperatures, high above the flame,
simply depending on an effective heat release rate. Additionally one requires

to know T in order to calculate Qg or QHZO'
4.5 Equilibrium Heat of Reaction Calculation

How the series of data on figure 11 reflects or mirrors equilibrium
calculations can be observed on figure 12 which shows the normalized reduced
heat release rate, QE/Q plotted against the water to gas ratio. For the data
points, Q is the nominal heat release rate shown on figure 11 for the partic-
ular symbols and Qp 1s calculated from Eq. (6) using measured Ty (to be dis-
cussed) i.e., Qg is the value used to collapse the data on figure 11. The

equilibrium calculation requires a bit more explanation.

When a chemical reaction takes place the heat evolved (or captured) is
related to the change in the enthalpy of the products (P) and reactants (R).

A convenient form for this calculation is:

=

o (o]
Mooup™ I P (AHgdp g9 T 7 "k (AHg)p 298 (7

A
P
where n is the number of moles and AH; is the heat of formation of the mole-
cule conveniently tabulated at some standard state {(298K). For example, the

idealized reaction of H, with air,

1 /1 3.76
H20+2(¢~1> 0, + L N, <1
J._ 1 y 3.76 3-76 =
H2+¢[2 02+ > Nz]‘* H20+ 2 N2 $=1
1 1 3.76
Py HZO + ( 3) HZ + 7 N2 $>1
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yields 1 mole of HyO0 per mole of H, consumed with ¢ =1 . Solving Eq. (7)
gives: —AHCOMB =1x (AH?)H 0,298 = -57.798 kcal/mole H, since the heats of
formation of 0y, Ny, and Hy are all zero. This number, 57.798 kcal/mole, is
the value contained in engineering tables as the lower (HZO vapor) or net heat
of combustion (120 MJ/kg) and what in this report has been referred to as the
net calorific potential of the fuel or nominal heat release rate or, simply,
Q. Due to the dissociation of molecules at high temperatures a proper equili-
brium calculation would yield a host of other species besides the N, and

Hy,0. For example, the Hy~-air reaction at stoichiometry (¢=1) yields besides
Hy0, N,, 0, and Ho the additional products OH, NO, H and O (neglecting others
with mole fractions less than 0.5 x 10—5) all having positive values for heats
of formation which tends to diminish the above negative value for Hy0. Addi-
tionally, and more importantly, in forming these species the 1 mole of H,0
created in the idealized reaction becomes something less than 1 mole: e.g.,
0.942 moles for the ¢ = 1 example. The two effects combined result in a heat
of reaction of 53.72 kcal/mole, lower than the nominal value of 57.798.

For ¢ > 1 there simply is not enough oxygen around to create 1 mole of
HyoO and hence the heat of reaction drops dramatically. For example, the
¢ = 1.5 calculation yields 0.66 product moles of Hy0 and a heat of reaction
equal to 38.1 kcal/mole. (For ¢ > 1, to a first approximation, “HZO x 57.798
kcal/mole equals the heat of reaction.) On the other hand for ¢ < 1 there is
an ample supply of 0y available to form very close to 1 mole of HoOs 1In fact
in the limit of ¢ + 0 one obtains the exact value of 57.798 kcal/mole. Even
though 0, will be present in large concentrations in the products and be
responsible for decreased temperature as seen on figure 5, since it acts as a
diluent (like Hy in the fuel rich case), it does not enter the calculation of

heat release rate since its heat of formation is zero.

For a fixed ¢ when water is added the temperature drops as illustrated in
figure 5. The calculation for heat of reaction, Eq. 7, now contains a non-
zero term for the reactants, nHzo L X (-68.317) kcal, for the liquid water.
However, as far as the formation of water from the H, and 0, is concerned, the
reactant water has little effect -~ it is simply carried along as a diluent.

Instead of approaching a value of one mole of water in the products for the
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dry case a value close to n+l is realized, where n is the number of moles of
liquid water in the reactants. The lower temperature obviously does result in
less dissociation and hence slightly higher values of product water but as far
as the heat of reaction calculation is concerned the only significant differ-

ence between the dry and wet case is the heat of vaporization. -

This is not very useful for the present purposes. What is of interest
here is a calculation that actually reflects the effect the water has on an
otherwise undisturbed flame - it is desired to have as reference the flame
without water, i.e., the sensible temperature changebdue to water must be
included. This can be done in either of two ways. One involves Eq. (6) for
the cocling effect of the water, QHZO’ knoﬁing the final temperature Tg from
the equilibrium calculation. The second involves knowing the two tempera-
tures, Tg wet and T; dry, taking the difference and multiplying by an approxi-
mate specific heat and mass of products, both also available from the equilib-
rium calculation. This then is what is referred to as QH 0 and Qp = Q - QH 0
where Q is the actual heat of reaction discussed above for the solid lines
representing the equilibrium calculation on figure 12, Two effects influence
the relative positions of the lines on the figure. For small $, Tf is small
making QHZO small and at the same time Q is large. Similarly for
large ¢, Tf is high and Q is low.

Comparing a jet diffusion flame to an.eqﬁilibrium calculation may prove
to be useful in later analysis. For now the data from figure 11 appear to
follow the trend of the equilibrium lines on figure 12 quite well. Recall
that there is a factor of 2-1/2 times variation in heat release rate and water
to gas ratios up to 6.6 for the data shown. It is not clear at this point why
the points fall on an equilibrium calculation at a value of ¢ somewhat less
than 0.75, a fuel lean condition. Since the flame region is independent of Q
one might speculate about the effect of the water or reduced Q being seen in

the regions above the flame where a fuel lean condition exists.

Besides the ten points representing the conditions for the data on figure
11 there are three additional pbints represented by filled symbols on figure
12. For these data the flames were extinguished. What generally happens is
illustrated by considering the 18.2 kW series. From figure 11 at a water to

-28-



gas ratio of 3.2 there resulted a suppressed flame. Presumably with more
water more suppression results, reflected in decreased Qg+ At a ratio of
about 4.3 (figure 12) however the flame went out. Similarly for the 13.7 kW
case two ratios, 1.8 and-3.7 are shown on figure 11. When the ratio was
increased to 9.2 the flame went out. For the intermediate case of 15.6 kW the
resulting ratio at extinguishment fell between the 18.2 and 13.7 kW cases.,
Observing where these extinguishment points fall relative to the data from
simply suppressed flames is another reason for constructing figure i2.

Nothing on that figure, however, appears to reveal information as to why those

particular flames went out.

Along with the symbols on figure 12 the pressure of the gas for those
data 1s given. It is clear that the higher the gas pressure (or flow
reflected in Q) the easier, in terms of either water to gas flow ratio or the
absolute amount of water, it is to extinguish the flame. (Recall the dis-
cussion about figure 1 which also contains this data.) 1In fact, under about
10 psig (9.9 to include the 13.7 kW case) the flames cannot be extinguished by
any re;sonable amount of water. Observe the 10.9 kW series on figure 11. It
was apparent back on figure 2 that reduced radiation levels could be irncreased
by increasing the pressure of the water in the purely hydraulic type of
nozzle. A characteristic of PAN types is that the drop size will decrease
with increased pressure of the gas which is breaking up the drops. A tenta-
tive explanation for both the reduced radiation on figure 2 and the extin-
gushed flames on figure 12 could involve smaller drops being more effective in
getting into and affecting the early reaction zone. However, there is still
not enough evidence to confirm this effect or to completely eliminate other
possibilities, e.g., momentum of the spray and gas will also increase with

pressure. These data obviously must be pursued further.
4.6 TFlame Temperature Measurements

Having somewhat characterized this “"model” H, flame in the high momentum
limit in terms of scaling, location of regimes, etc. on figure 10 and how it
is effected by water sprays on figure 11 as reflected by Qg» it is now pos-
sible to look in detail at the maximum or "flame" temperature reduction as a

function of water spray. The measurements are temperature levels at
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2z = 0.122 m above the burner exit (see figure 9). Figure 13 presents the

flame temperature reduction A7l normalized by the water to gas ratio plotted

D~V
against the same water to gas ratlo. Recall from figure 6 that equilibrium
dictates a near linear variation of ATD-W with the amount of water introduced

into the reaction so a plot of the ATD__w divided by water flow dgainst water
flow ought to yield an almost horizontal line. How the data deviates from
such a line may offer insight into the phenomena. One further point that
should be stressed when comparing the data to equilibrium is that one is
comparing the temperature differences with and without water rather than the

absolute levels.,

Seen on figure 13 are a series of data points with fixed heat release
rate or gas flow rate for a variably increasing water flow rate. In general,
for any gas flow, as water flowrate is increased the "effectiveness” of the
spray in terms of a ATD—W per unit water to gas flow rate ratio decreases -
there is less temperature decrease from the water. Additionally, the effec-
tiveness level, especially at small wafer flow rates, depends strongiy on the
gas fiow rate or stagnation pressure of the gas. Shown by solid (almost
horizontal) lines are equilibrium calculations for various ¢. The deviation
from linearity between ATD—W and water flow rate seen in figure 6 gets ampli-
fied on figure 13. As ¢ increases the value of the negative slope
increases. The comparison between the data and the lines is not as simple as
in the case of figure 12 for QE/Q where there 1s a weak dependence of“QE\onmwww
flame temperature. These are measurements in a fuel rich regime (see figure S
9) and should therefore compare not to ¢ slightly less than 0.75 as seen on
figure 12, but some higher ¢ perhaps around ¢ = 1.5. 1In this interpretation
it is assumed that the mixture distribution does not change significantly with
increased gas flow since these flames all appear to scale (figure 10). That
is, the lower Q points should not necessarily be compared to a lower ¢ than
the higher Q points. In other words, when the H, velocity is increased there

are not additional fuel rich areas in the flame because the amount of
‘entrained air is increasing at the same time, in proportion with the H,
velocity. The difference between the low and high values of AT/ﬁ:H O/ﬁH seen
in the data, proportionate to Q, is simply a manifestation of watef droplet
effectivenesé - the flame hasn't changed its character regarding fuel-air

ratio, the spray has changed.
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The data points on figure 13 can all be collapsed quite accurately into a
decaying exponential of the form

ATD_W

= A exp [-Bx ﬁH O/ﬁH ] . (9)

by ofe, 2%
where A and B are simple functions of the heat release rate, Q. This has been
used to find the correlated horizontal lines shown on figure 11 for temper-
ature in the flame region, i.e., the amount which must be subtracted
from AT = 1655 K to account for the cooling effect of the water. Also it has
been used to extrapolate those series of runs where extinguishment occurred on
figure 12. That is, the correlation answers the question - what would the
temperature be just prior to extinguishment if the trend of the data
continued? The actual three extinguishment points are shown on figure 13 by
vertical lines emanating from that extrapolated temperature level. It is not
evident whether any new information is contained here. One can only say that
if the extrapolation were valid then a limit temperature for this H, flamg
~might fall between 1500 and 1600 K, quite a bit higher than Ishizuka and
Tsuji's [12] counterflow stagnation point result for Hy of 1013 K. Unfortun-
ately these values fall right in the middle of a host of other points with
similar temperatures but whose flame did not extinguish. Note that the extra-
polation amount could be considered significant. These flames will be studied
at water/gas ratios much closer to the actual extinguishment point.

4.7 Correlation with Drop Size

If the claim that both the level and decay of the data on figure 13 are
due to different spray characteristics it ought to be possible to correlate
the data with some parameter or parameters that reflect that spray char-
acteristic. Gretzinger and Marshall [19] have studied pneumatic atomizing
nozzles extensively and found that the mass median diameter of sprays varied
significantly with the mass ratio of atomizing air to liquid atomized. The
mass median diameter is that diameter above or below which 50 percent of the

mass or volume of the spray resides and is used extensively along with a
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distribution spread in the aerosol or particle science area to characterize
distributions of size. The correlated findings of Gretzinger and Marshall for

the median diameter, im for this type of nozzle is as follows:

_ Mz My 0.4
Xm = 2600 v (E—L—> : (10)
a a

where M is the mass rate of flow of liquid (2) and air (a), respectively,
i.e., the present dH o and ﬁH 3 u, is the viscosity of air (HZ); G, mass
velocity of air at nbzzle outiet which here equals ﬁH /annulus area; L, dia-
meter of wetted periphery between air and liquid, tak%n here as the inner

annulus diameter.,

It should be stressed that the intent here is not to obtain absolute
values of drop size but rather approximate functional relations among the
variables since the conditions of the experiments here and in reference 19 are
not identical. Figure 14 presents the Hy flame temperature reduction divided
by the water to gas ratio plotted against the Gretzinger and Marshall [19]
median drop size, im' With the exception of a few outliers the bulk of the
data appears to correlate reasonably well with the Cretzinger and Marshall
[19] median droplet spray diameter, iﬁ' The increased effectiveness of
smaller drop sized particles is clear from the figure. On the ordinate of
figure 14 is shown the various equilibrium results for a given ¢ which one
might judge the data to be approaching as droplet size gets smaller and

smaller.,

A statistical test has not been performed on the data shown on figure
14. Specifically, the two lowest pressure groups, the 7.3 and 8.6 kW data,
might appear to be distinct from the remaining bulk of the data. The lower
pressure data have been left on the figure for completeness but the lower
operating range of the nozzle may have been exceeded for those flowrates. The
lower the pressure is the smaller is the amount of water that can be
atomized. The amount of water sprayed is beyond the capacity to be completely
atomized and the spray will contain unatomized droplets. At the high droplet
size the fall off is consistent with what may be observed visually., Espe-
cially at low gas flow rates as the amount of water is increased to larger and

larger values it begins to become apparent that all the droplets are not
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participating in the suppression process. " ﬁ%dﬁiété are seen to escape

radially from the luminous zone and fall to the laboratory floor. As the
‘amount of water is decreased and/or the H, gas flow is Increased the escaping
droplets are seen to disappear. Figure 14, then, not only contains informa-
tion about the relative effectiveness of different sized participating
particles but also reflects the fact that for low enough pressures or large
enough drops portions of the water may not be participating at all, How
general this behavior is must ultimately be determined. V

Shown on figure 14 by filled symbols are the three "extinguished” points
referred to in the previous two figures. Nothing on figure 12, nor figure 13,
nor finally on figure 14 offers a clue to distinguish these points - neither
reduced heat release, extrapolated temperature nor the rough guide to median
drop size appears to differentiate these points from their neighboring coun-
terparts. Recall that these points are at high H, flow rates or/pressure but
not so high as to have blowout without the water drops added. They therefore
contain most, if not all, of the information required for understanding the
phenomena of jet diffusion flame suppression using water sprays and the unrav-

elling of this information will provide the focal point of future efforts.
5. CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE STUDY

From the evidence of laboratory data by 0'Neill [2] on large-sized flames
and the other small scale feasibility data discussed in the "Previous Observa-
tion” section, it appears likely that scaling up to the full sized blowout
fire will require more fhan a cursory undérstanding of the physid—chemical
mechanisms which will be involved in suppressing and extinguishing high
velocity jet diffusion flames by the application of water sprays. Obvious
physical phenomenan like blowoff, dilution, flame stabilization and droplet
momentum, as well as the need to be cognizant of choked flow in large pipes
and the accompanying difficulties regarding suppression, were reviewed in
light of the observations.

Pneumatic atomizing nozzles were shown to provide a close to ideal

experimental set up for studying the phenomena. During this study, soot free
Hy flames were used to model the behavior of diffusion flames at the high
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momentum limit of the Froude number scale. Primitive scaling parameters were
obtained for future study of other fuels and scales. Effects due to the spray
~could be characterized away from the flame region by an effective heat release
rate, a function of the liquid mass flow rate. The behavior of the "model” Hy
flame was compared to thermodynamic equilibrium calculations suggesting equi-
librium as a possible tool for studying jet diffusion flames. Finally,
reduced flame temperature measurements were shown to correlgte with a single

parameter characteristic of the water spray - the median drop diameter.

The results of this effort provide a rational starting point for future
studies. For detailed characterization in the small scale, pneumatic atomiz-
ing nozzle configuration there is an excellent opportunity to pursue the
actual mechanism of extinction further - the location of those three
"extinguishment” points in amongst only suppressed flames have been deter-~
mined. It is suggested that by approaching those points, e.g., slowly
increasing the water to gas ratio from a known suppressed flame location, and
observing changes in measurable quantities one can isolate this particular

kind of extinguishment.

A program will shortly begin in the large laboratory regime (table 1)
utilizing more common hydrocarbons in a larger PAN configuration. These
flames will be instrumented in a manner which will allow direct comparisons to
the findings of the present study. Adjusting for radiative differences, any
effect of scale ought to begin to become apparent. Additionally, exterior
spraying can begin when the PAN results are understood fully so as to appor-
tion differences in observed variable behavior to different droplet effective-
ness. Experimentation in the industrial test faecility ought to proceed at
this juncture. Any noted scale effects in the smaller facility ought to

become exaggerated at this level.

Analytical modeling of the various aspects of the problem, some of which
were discussed in the report, can be performed simultaneously with the experi-
mental work. As noted in the report, however, care should be exercised in
extrapolating predicted behavior of jet diffusion flames (with or without

spray) to very large scale without some experimental confirmation.
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